Introduction
The measurement of the branching ratio (BR) of K + → π + π − π + (γ) decay completes the KLOE program of precision measurements of the dominant kaon branching ratios, fully inclusive of radiation effects. We have already published an evaluation, from a fit to the KLOE measurements of the charged kaon lifetime [1] , and BRs, [2] , [3] , [4] , [5] , constraining the BR sum to unity : BR(K ± → π ± π + π − ) = (5.68 ± 0.22)% [5] . The most recent BR(K ± → π ± π + π − ) measurement, based on 2330 events from a sample of ∼ 10 5 kaon decays, dates back to 1972 and gives no information on the radiation cutoff : BR(K ± → π ± π + π − ) = (5.56 ± 0.20)% [6] . The PDG value, BR(K ± → π ± π + π − ) = (5.59 ± 0.04)% [7] , is obtained from a global fit that does not use any of the available BR(K ± → π ± π + π − ) measurements but the rate measurement Γ(π + π + π − ) = (4.511 ± 0.024) × 10 6 s −1 published in 1970 [8] . Furthermore the BR(K ± → π ± π + π − ) value enters in the evaluation of the difference a 0 − a 2 between the I = 0 and I = 2 S-wave ππ scattering lengths [16] [19] ; this will be discussed in section 5.
In the following we report the measurement of the absolute branching ratio BR(K + → π + π − π + (γ)) performed with the KLOE detector using data corresponding to an integrated luminosity L dt ≃ 174 pb −1 collected at DAΦNE, the Frascati φ-factory [9] . DAΦNE is an e + e − collider operated at the energy of 1020 MeV, the mass of the φ-meson. The beams collide at the interaction point (IP) with a crossing angle θ x ≃ 25 mrad 1 , producing φ-mesons with a small momentum of ∼ 12.5 MeV in the horizontal plane. The φ-mesons decay in anti-collinear and monochromatic neutral (34%) and charged (49%) kaon pairs. The unique feature of a φ-factory is the tagging: detection of a K ± (the tagging kaon) tags the presence of a K ∓ (the tagged kaon) with known momentum and direction. The availability of tagged kaons enables the precision measurement of absolute BRs providing the normalization sample. The decay products of the K + K − pair define two spatially well separated regions called in the following the tag and the signal hemispheres.
The KLOE detector
The KLOE detector consists of a large cylindrical drift chamber (DC) [10] , surrounded by a lead scintillating fiber electromagnetic calorimeter (EMC) [11] both immersed in an axial 0.52 T magnetic field produced by a superconducting coil. At the beams IP the spherical beam pipe of 10 cm radius is made of a beryllium-aluminum alloy of 0.5 mm thickness.
The DC tracking system has 25 cm internal radius, 4 m diameter and 3.3 m length, with a total of ∼ 52000 wires, of which ∼ 12000 are sense wires arranged in a stereo geometry. In order to minimize the multiple scattering and K L regeneration, and to maximize the detection efficiency for low energy photons, the DC works with a helium-based gas mixture and its walls are made of light materials, mostly carbon fiber composites. Spatial resolutions are σ xy ≃ 150 µm and σ z ≃ 2 mm and the transverse momentum resolution is
The calorimeter covers 98% of the solid angle and is composed by a barrel and two endcaps. Particles showering in the lead-scintillator-fiber EMC structure are detected as local energy deposits by clustering signals from read-out elements. For each impinging particle the calorimeter information consists of energy, position of impact point and time of arrival with accuracies of σ E /E = 5.7%/ E (GeV) , σ z = 1.2 cm/ E (GeV) , σ φ = 1.2 cm, and σ t = 57 ps/ E (GeV) ⊕ 100 ps. Energy clusters not associated with reconstructed tracks in the DC (neutral clusters) identify neutral particles. The definition of energy clusters associated with reconstructed tracks is related to the trackto-cluster association procedure described in Ref. [12] .
The trigger [13] is based on energy deposits in the calorimeter and on hit multiplicity in the drift chamber. Only events triggered by the calorimeter have been used in the present analysis. The trigger system includes a second-level veto for cosmic-ray muons (cosmic-ray veto or CRV) based on energy deposits in the outermost layers of the calorimeter and followed by a third-level software trigger. A software filter (SF), based on the topology and multiplicity of energy clusters and drift chamber hits, is applied to filter out machine background. Both CRV and SF may be sources of events loss. Their effect on the BR measurement has been studied on control data samples acquired respectively without the CRV and the SF filters.
The data sample used for this analysis has been processed and filtered with the KLOE standard reconstruction software and the event classification procedure [12] . The KLOE monte carlo (MC) simulation package, GEANFI, has been used to produce a sample equivalent to data, accounting for the detector status and the machine operation on a run-by-run basis.
Analysis strategy
Tagging with K ± → µ ± ν(γ) (K µ2 tags) and K ± → π ± π 0 (γ) (K π2 tags) provides two indipendent samples of pure kaons for the signal selection useful for systematic uncertainties evaluation and cross-checks [3] . These decays are easily identified as clear peaks in the distribution of p * mπ , the momentum of the charged secondary track in the kaon rest frame evaluated using the pion mass 2 . The selection efficiency of the two tagging normalization samples 2 The contribution to the p * mπ distribution from K µ2 decays is slightly broadened due to the pion mass hypothesis [3] .
are similar, about 36 %. Then these events are classified as φ → K + K − and archived in dedicated data summary tapes, as described in Ref. [12] . MC studies show that the contamination due to φ-meson decays other than
To minimize the impact of the trigger efficiency on the signal side, we choose as normalization sample K µ2 or K π2 tags providing the trigger of the event (self-triggering two-body decays). After this request the K µ2 sample is reduced by a factor of ∼ 33%, while the K π2 sample by a factor of ∼ 43%. The residual dependence of the signal sample on the tag selection, which we refer to as tag bias, has been evaluated for the BR measurement. Moreover we use K − as the tagging kaon (K µ2 or K π2 ) and K + as the tagged kaon (signal), since the nuclear cross section for positive kaons with momenta ≃ 100 MeV is lower by a factor of ∼ 10 3 with respect to that of negative kaons [14] .
The track of the tagging kaon is backward extrapolated from its first hit in the DC to the IP. We use the momentum of the tagging kaon at the IP, p IP K − , and the momentum of the φ-meson measured run by run with Bhabha scattering events, p φ , to evaluate the momentum of the tagged kaon at the IP, p
The kaon and the three charged pions from its decay have low momenta, less than ∼ 200 MeV, and curl up in the KLOE magnetic field; this increases the probability to have poorly reconstructed tracks broken in more segments (the track reconstruction procedure in KLOE is described in Ref. [12] ). We significantly improve the quality of the reconstruction requiring the K + decay to occur before it reaches the DC sensitive volume, i.e. inside a cylindrical fiducial volume centered at the IP and with a transverse radius ρ xy close to the DC inner wall (detector acceptance ∼ 26%). In this way only the pion tracks are reconstructed, and we extrapolate only two of them to search for a vertex along the signal kaon path. No further request on the charge of the particles is applied to maximize the selection efficiency.
To extract the number of
we fit the missing mass spectrum m
2 where p 1 and p 2 are the momenta of the selected tracks, with MC-predicted shapes for the signal and the background. The branching ratio is given by:
where N K→3π is the number of signal events, N tag is the number of tagged events and ǫ sel is the overall signal selection efficiency, including the detector acceptance and the reconstruction efficiency. C SF and C CRV are the corrections for the machine background filter and the cosmic-ray veto. C T B accounts for the tag bias effect.
BR measurement with the
The normalization sample is given by N tag = 12065087 K − µ2 tagging events.
Any reconstructed track identified as a K + (and therefore corresponding to a K + outside the fiducial volume) is rejected. More specifically we reject tracks with the point of closest approach (PCA) to the IP satisfying the conditions x 2 P CA + y 2 P CA < 10 cm, and |z P CA | < 20 cm, with the momentum within 70 < p K < 130 MeV, and with a good matching with the position and the momentum extrapolated from the tagging kaon.
To select the decay vertex
we require at least two reconstructed tracks that have:
(1) momentum in the kaon rest frame, p * mπ < 190 MeV, this cut removes the background from two-body decays; (2) distance of closest approach (DCA) between each extrapolated track and the signal kaon path, DCA < 3 cm; (3) distance of closest approach between the two tracks, DCA 12 < 3 cm; (4) the opening angle between the momenta of the two tracks, |cos(θ 12 )| < 0.9, this cut removes the background due to residual kaon broken tracks; (5) the decay vertex is accepted in the fiducial volume, ρ xy ≤ 26 cm. The signal selection efficiency, ǫ sel , is related to the track reconstruction efficiency of two charged secondaries from K + decays. We evaluate the selection efficiency from MC, and then we correct it to take into account data-MC differences in the track reconstruction. To this aim we select, both on data and MC, a control sample of K + → π − X decays (for signal events X corresponds to π + π + ). The first requirement is the presence of a self-triggering K the tag hemisphere. Then the track of the π − candidate is selected with the following requirements:
(1) the number of neutral clusters with an energy E γ ≥ 30 MeV must be, N clusters ≤ 1; (2) the momentum of the selected track in the kaon rest frame must be, p * mπ ≤ 130 MeV; (3) the distance of closest approach between the extrapolated track and the signal kaon path must be, DCA π− < 7 cm; (4) the cosine of the opening angle between the momenta of the signal kaon and the momenta of the selected track must be, cos(θ Kπ ) ≤-0.85.
The control sample K + → π − X, selected with a background contamination of ≃10.7%, is used to measure the efficiency corrections as function of the total transverse momentum p The corrections C CRV and C SF have been measured with data taken without the cosmic-ray veto and the software filter, respectively. The correction for the tag bias, C T B , has been evaluated using MC. All correction values are reported in Table 1 . The summary of the fractional statistical uncertainties is reported in Table 2 . The total statistical fractional uncertainty on the branching ratio measurement is 0.62%.
The normalization sample is given by N tag = 5171239 K − π2 tagging events.
The signal selection described in sub-section 3.1 is also applied to the sample tagged by K − π2 decays. The fit to the missing mass spectrum of the selected events gives N K→3π = 20,063±186 signal events with χ 2 /ndf = 42.9/45 (P(χ 2 ) = 0.56). The signal over background ratio in the missing mass window 10000 < m 2 miss < 30000 MeV 2 is evaluated with MC: S/B ≃ 84.
To evaluate the selection efficiency, we used the corrections measured with the control sample K + → π − X tagged by K − µ2 events. The selection efficiency for signal events tagged by K − π2 events, is: ǫ sel = 0.0866 ± 0.0005.
The summary of the fractional statistical uncertainties is reported in Table 2 . The total statistical fractional uncertainty on the branching ratio measurement using the K − π2 tagging sample is 0.95%.
Systematic uncertainties
The following sources of systematic uncertainties on the branching ratios measured using both tags, K (1) the cuts used to select the signal sample; (2) the fiducial volume; (3) the cuts used to select the control sample K + → π − X; (4) the cuts used to select the tagging samples K The corresponding systematic uncertainties are listed in Table 3 .
The contributions to the systematic error due to points (1), (2) , and (3) have been evaluated varying the selection cuts. The DCA, DCA 12 variables and the fiducial volume ρ xy have been varied within few sigmas, the cuts on cos(θ 12 ), p * mπ and m 2 miss have been varied to decrease the S/B ratio to ≃ 64. The cuts used to select the control sample K + → π − X have been varied to increase the background contamination up to ≃ 20%.
Concerning the selection of the normalization samples (point (4)) we have evaluated the effect of a C T B variation on the BR measurements. This has been done modifying the selection of the data and MC normalization samples adding a cut on the opening angle between the K − track and the secondary track retaining events with cos(θ Kt ) ≥ 0, where t is the µ − (π − ) Table 3 ).
The BR(K + → π + π + π − (γ)) depends on the charged kaon lifetime τ K ± through the detector acceptance, that is evaluated with MC simulation (point (5)). The systematic effect has been obtained varying τ K ± within the uncertainty of the KLOE result τ K ± = 12.347 ± 0.030 ns [1] . This has been done re-weighting the MC events with a hit-or-miss procedure, both for the signal and the control sample selection procedures. The corresponding sistematic errors are listed in Table 3 .
The analysis is fully inclusive of radiative decays. Only the efficiency evaluation could be affected by a systematic uncertanty due to the cut N clusters ≤ 1 (see sub-section 3 .1 ). We have used PHOTOS [15] to evaluate such an effect and we obtained a negligible contribution, being O(10 −6 ) the fraction of decays removed by the cut N clusters ≤ 1.
The fraction of K + undergoing nuclear interactions is negligible, ∼ 10 −5 , as evaluated using the MC simulation, based on data available in literature [14] . Therefore the related systematic uncertainty is negligible.
Furthermore we have checked on two independent sub-samples of about 88 pb −1 and 86 pb −1 that the efficiency corrections and the BR evaluations are not correlated.
Finally the stability of the measurements with respect to different data taking periods and conditions has been checked.
Results
With a sample of K − → µ −ν (γ) tagging events N tag = 12065087 we found N K→3π = 48032±286 signal events. Using equation 1, we obtain the branching ratio:
With a sample of K − → π − π 0 (γ) tagging events N tag = 5171239 we found N K→3π = 20063 ± 186 signal events, corresponding to:
Averaging these two results, accounting for correlations, we obtain:
This absolute branching ratio measurement is fully inclusive of final-state radiation and has a 0.72% accuracy, a factor ≃ 5 better with respect to the previous measurement [6] . Table 4 Results of the fit: K ± BRs and correlation coefficients. We fit the six largest K ± BRs and the lifetime τ ± K using the KLOE measurements of τ K ± [1] , BR(K + µ2 ) [2] , BR(K + π2 ) [5] , BR(K + → π + π − π + (γ)) (eq. 4), BR(K ± l3 ) [3] , and BR(K ± → π ± π 0 π 0 ) [4] , with their dependence on τ ± K , and imposing the constraint BR(K ± → f ) = 1. The fit results, with χ 2 /ndf = 0.24/1 (CL = 0.63), show a coherent set of measurements (see Table 4 ).
The NA48 experiment observed in the π 0 π 0 invariant mass distribution a cusplike anomaly at M 00 = 2m π + [16] , which has been interpreted as mainly due to the final state charge-exchange reaction
decay [17] , [18] . The fit to the M 2 00 distribution [19] with two different models [20] and [21] [22] determines a 0 −a 2 , the difference between the S-wave ππ scattering lengths in the isospin I=0 and I=2 states. In this calculation the main source of uncertainty is the ratio of the weak amplitudes of K ± → π ± π − π + and K ± → π ± π 0 π 0 decay, that is obtained from the ratio R of the branching ratio values. Using the BR(π ± π − π + ), BR(π ± π 0 π 0 ) and their correlation shown in Table 4 we evaluate R = 3.161 ± 0.049, in agreement with the value R = 3.175 ± 0.050 obtained by NA48 [19] with BRs from the PDG fit [7] .
Conclusions
We have measured the absolute branching ratio of the K + → π + π − π + (γ) decay, inclusive of final-state radiation, using two indipendent normalization samples from K with an overall accuracy of 0.72%. This measurement completes the KLOE program of precision measurements of the dominant kaon branching ratios.
